The structural, electronic, and magnetic properties of 3d transition metal (TM) atoms (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn) 
I. INTRODUCTION
hence dispersions (PBE-D) 22 , which should be included in multilayers of 2D systems [23] [24] [25] [26] Si−Si, and Ge−Ge bond length of 1.42Å, 2.26Å, and 2.44Å, in a good agreement with the available reports. The obtained value of the cohesive energy decrease from graphene to germanene as expected, see Table 1 . Graphene is metallic, while silicene and germanene are semiconducting with band gap of 1.6 meV and 24.3 meV, respectively 8,9 . The electronic band structure of germanene using SOI is illustrated in Fig. 1 . It is clear that π bands are contributed from the p z orbitals and π * bands are due to the p * z orbitals of the Ge atoms, in good agreement with previous findings 3, 12 . In addition, calculated frequency of the E 2g -mode is 1598 cm −1 , 558 cm −1 , and 363 cm −1 for graphene 28 , silicene 29, 30 , and germanene 29, 31 , respectively. Furthermore, our calculated values of the Grüneisen parameter are found to be 1.80, 1.65, and 1.51 for graphene, silicene, and germanene, which in the good agreement with the previously reported values 28, 30, 31 .
IV. TM ATOMS ADSORBED GERMANENE
The four possible adsorption sites for a single TM atom on germanene can be considered as on top of the upper Ge atoms (T-site), on top of the lower Ge atoms (V-site), above the center of the germanene hexagonal (H-site), and on top of the midway between two Ge atoms (B-site), see left side of Fig. 2 . It is expected that TM atoms can occupy one of the sites mentioned above 20 . We find that H-site is energetically most favourable in all the cases under study and hence, for the calculations of the electronic structures we only consider TM atoms adsorbed germanene at the H-site. We present a comparative energy diagram of all the four adsorption sites on the right side of Fig. 2 . We find that the H-site adsorbed TM Table 2, and Table 3 . A this point it is worth to mention that the adsorption energy of 3d TM on graphene ranges from 1 eV to 2 eV 32 , while for silicene the value ranges from 2 eV to 3 eV 19, 20 . Therefore, the adsorption of TM atoms on germanene is highly favourable (except in case of Cu and Zn) in contrast to silicene and graphene, which indicates that germanene can be the best candidate to host TM atoms among all of the three 2D materials. For graphene, due to the planar structure which supports sp 2 hybridization, the π orbitals are strongly coupled. However, in case of silicene, due to buckling and the resulting sp 2 -sp 3 hybridization, the π orbitals are coupled more weakly. As a result silicene has a larger adsorption energy as compared to graphene. Moreover, because of its larger buckling as compared to silicene, germanene has the weakest π orbitals and hence more reactivity, as a result the highest binding energy is obtained.
Our structural relaxation shows that a TM atom added on T-site and V-site replace the closest Ge atom by shifting the original Ge position. As a result a TM−Ge bond length of 2.57Å to 2.38Å is realized for Sc to Zn in case of T-site and V-site, respectively, see Table   3 . As expected, TM atom is connected to three nearest neighbour Ge atoms with slightly smaller bond length. This finding agrees well with the 3d TM atoms adsorbed silicene 19 . The TM atom is located at the midway between two Ge atoms by providing a slight distortion around the adsorption site in case of B-site adsorption. The TM atom occupies at the centre of the Ge hexagon in case of H-site adsorption. Around the adsorption site, we find a variable Ge−Ge bond lengths 2.45Å to 2.81Å for all the adsorbent, see Table 2 . However, the Ge−Ge bond length is slightly modified as compared to pristine germanene with a value of 2.44Å 3, 12, 20, 31 . The buckling in the germanene sheet varies from 0.61Å to 0.76Å. The distance d, which is defined as the average height of TM atom from the germanene sheet is vary from 0.60Å to 1.55Å, see Table 2 , which agrees well with TM atoms adsorbed silicene and graphene 19, 20, 32 . The obtained value of the angle (defined as the angle between Ge atom to next Ge atom to third Ge atom) ranges from 95
• to 115
• , for Sc to Zn, respectively. shows a good agreement with the Sc-adsorbed silicene 18 . It should be noted that the host germanene sheet is significantly polarized by leaving anti-ferro-magnetic alignment between Sc and Ge atoms, which can be clearly understood by analysing the data presented in Table   2 .
We obtain metallic nature of the bands for Ti-adsorbed germanene. Table 2 . The obtained value of the total magnetic moment agrees well with a recent report 33 . The Ti-adsorbed germanene has been predicted to be an interesting system due to the fact that the magnetic moment and the nature of the material are significantly modified by a application of the perpendicular electric field.
With certain values of the electric field the system behaves as half-metallic, which could be useful for spintronic devices 33 . Like as Sc-adsorption, Ti and Ge atoms are also anti-ferromagnetically ordered. The electronic band structure of Cr-adsorbed germanene is addressed in Fig. 3(c) . We Fig. 4(c) . A band splitting of 21 meV is obtained, which is quite close to the band gap of pristine germenene. The total magnetic moment of 4.00 µ B is obtained.
The contribution of the magnetic moment from the 3d and the average of 33 Ge atoms are found to be 4.05 µ B and −0.05 µ B , respectively. Our result for the magnetic moment agrees well with the Cr-adsorbed graphene and silicene 19, 20, 37 . Recently, Cr-adsorbed graphene has been synthesized and the samples have been identified experimentally by analysing the shift in the Raman D and G peaks 38 , which could also be possible for Cr-adsorbed germanene. The electronic structure of Mn-adsorbed germanene is addressed in Fig. 5(a) . Table 2 ) by keeping intact the ferromagnetic ordering between TM and Ge atoms. The obtained value of the magnetic moment shows good agreement with TM atoms adsorbed silicene 18, 19 . We obtain a perfect semiconducting nature of the electronic structure with a gap of 27 meV in case of Ni-adsorbed germanene, see Fig. 7(a) . The contributions from the Ni 3d
states are located about 0.45 eV below the Fermi level, and they are coming from the spin majority and minority d z 2 , d xy , and d yz orbitals, see Fig. 6(b) . Furthermore, the obtained gap can be enhanced by applying an electric field 39 . Importantly, a band splitting of 26 meV is observed at the valence as well as conduction bands at the K-point. Such a splitting has been observed experimentally and theoretically for Pb adsorbed on the Ge(111) surface and it has been suggested that the materials having larger splitting can be utilized to develop spintronic devices 45 . As expected, the system is found to be non-magnetic, which agrees well with Ni-adsorbed silicene 19 . The electrons from the 4s 2 orbital transfer to the 3d 8 and hence 3d orbitals become completely filled and no magnetism is induced. We also realize the non-magnetic states in case of Cu-adsorption, see Fig. 7 In this section, we discuss an important part of the results, i. e. V-adsorbed germanene can host the quantum anomalous Hall effect. The quantum anomalous Hall effect arises because of the combined effect of the exchange-field (coming from the magnetic impurities,
i.e. the V atom), which breaks the time-reversal symmetry, and the larger SOI (which induces band inversion and opens a nontrival gap). This effect has been predicted for TM atoms adsorbed topological insulators 40 . Previously, the quantum anomalous Hall effect in graphene has been predicted [41] [42] [43] [44] . Very recently, the quantum anomalous Hall effect has been observed in graphene on the (111) surface of an antiferromagnetic insulator (BiFeO 3 ) 46 .
In addition, this effect has also been observed for silicene 18, 19, 47 . We find the quantum anomalous Hall effect only in case of V-adsorbed germanene; the combined effect of the exchange-field due to the V atom and SOI is sufficient to break the time-reversal symmetry and induce the band inversion, as a result the anomalous Hall effect is realized. Various coverages (11.11%, 3.12%, and 2.01%) of the V atoms are calculated by considering 2×2×1, 4 × 4 × 1 and 5 × 5 × 1 supercells of germanene. It it observed that only the supercells equal for or larger than 4 × 4 × 1 are able to induce the quantum anomalous Hall effect. This indicates that the interaction between the V atom and its periodic image is low enough such that the quantum anomalous Hall effect can not be suppressed 19 . We calculate the electronic structure of the V-adsorbed germanene with the coverages mentioned above, see Fig. 8(b) is presented in Fig. 8(d) . We find a nontrivial gap of δ = 1 meV, which agrees well with the recently calculated value of the δ for graphene on BiFeO 3 46 . A between TM 1 and TM 2 atoms.
VI. EFFECT OF THE COVERAGE
The structure under consideration for two TM atoms (the concentration of TM atom is about 6.25%) adsorbed germanene on H-site is depicted in Fig. 9 . The distance between TM 1 and TM 2 amounts to be ∼4.06Å, which is equivalent to the lattice constant of a 1 × 1 × 1 unit cell for germanene. In case of two Sc-adsorbed germanene, a strong distortion in the structure is observed as compared to single Sc-adsorbed germanene. The symmetry is broken due to the distortion, as a result a large direct/indirect band gap of 290/220 meV is achieved, see Fig. 10(a) . The obtained value of the band gap is ∼ 12 times larger than that of pristine germanene, which could be interesting for germanene based electronic Finally, the electronic band structure of two Zn-adsorbed germanene is addressed in Fig.   10 (i). In contract to single Zn-adsorption, the system is found to be perfect semiconductor with a band gap of 25 meV. In all the cases, the electronic band structures are modified, the modification can be attributed by the strong interaction between two TM impurities and their images, this fact has also been observed for TM atoms adsorbed silicene 19 . The paramagnetic situation can be observed if the energy difference between parallel and anti-parallel configurations is very small (of the order of few meV) 49 . In order to calculate this situation, one has to consider very large supercell, due to the computational limitation we do not considered paramagnetic situations in the calculations. We consider three configurations such that the distance between Mn 1 and Mn 2 atoms set to be (a) 2.98Å, (b) 7.69Å, and (c) 15.47Å (see Fig. 11 ) and systems are fully relaxed thereafter. The energy difference between the anti-ferro-magnetic and ferro-magnetic coupling is found to be −0. 
VIII. CONCLUSION
In conclusion, based on the first-principles calculations, we report the structural, elec- 
